Introduction
Juggling is a typical example to represent dexterous tasks of humans. There are many kinds of juggling, e.g., the ball juggling and club juggling in Fig. 1 . Other kinds are the toss juggling, bouncing juggling, wall juggling, wall juggling, box juggling, devil sticks, contact juggling and so on. These days, readers can watch movies of these juggling in the website youtube and must be surprised at and admire many amazing dexterous juggling. The paddle juggling is not major juggling and may be most easy juggling in all kinds of juggling. The paddle juggling means that one hits a ping-pong ball iteratively in the inverse direction of the gravity by a racket as shown in Fig. 2 . Most people can easily hit a ball a few times as the left figure since it is easy to hit the ball iteratively. However, most people finally miss out on the juggling as the right figure since it is difficult to control the hitting position. Therefore, realizing the paddle juggling by a robot manipulator is challenging and can lead to solution of human dexterity. As mentioned previously, the paddle juggling of a ball by a robot manipulator is composed of three parts: the first part is to iterate hitting the ball, the second part is to regulate the incident angle of the ball to the racket, and the third part is to regulate the hitting position and the height of the hit ball. M. Buehler et. al. (Buehler, Koditschek, and Kindlmann 1994) proposed the mirror algorithms for the paddle juggling of one or two balls by a robot having one degree of freedom in two dimensional space, where the robot motion was symmetry of the ball motion with respect to a horizontal plane. This method achieved hitting the ball iteratively. R. Mori et. al. (R. Mori and Miyazaki 2005) proposed a method for the paddle juggling of a ball in three dimensional space by a racket attached to a mobile robot, where the trajectory of the mobile robot was determined based on the elevation angle of the ball. This method achieved hitting the ball iteratively and regulating the incident angle. These algorithms are simple and effective for hitting the ball iteratively. However, their method does not control the hitting position and the height of the ball. On the other hand, S. Schaal et. al. (Schaal and Atkeson 1993) proposed a open loop algorithm for onedimensional paddle juggling of one ball. S Majima et. al. (Majima and Chou 2005) proposed a method for the paddle juggling of one ball with the receding horizon control base on the impulse information of the hit ball. Their methods achieved regulating the height of the ball. However, the control problem is only considered in one dimensional space. This study propose a method to achieve paddle juggling of one ball by a racket attached to a robot www.intechopen.com
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manipulator with two visual camera sensors. The method achieve hitting the ball iteratively and regulating the incident angle and the hitting position of the ball. Furthermore, the method has the robustness against unexpected disturbances for the ball. The proposed method is composed of juggling preservation problem and ball regulation problem. The juggling maintenance problem means going on hitting the ball iteratively. The ball regulation problem means regulating the position and orientation of the hit ball. The juggling preservation problem is achieved by the tracking control of the racket position for a symmetry trajectory of the ball with respect to a horizontal plane. This is given by simply extending the mirror algorithm proposed in (Buehler, Koditschek, and Kindlmann 1994) . The ball regulation problem is achieved by controlling the racket orientation, which is determined based on a discrete transition equation of the ball motion. The effectiveness of the proposed method is shown by an experimental result. Section 2 shows the experimental equipments. In Section 3, the system configuration and the models of the manipulator and the ball motion are shown. As for the preliminary of the paddle juggling, the manipulator dynamics are linearized in Section 4. In Section 5, the control designs for the juggling preservation and the ball regulation problems are shown.
Experiment System
We use two CCD cameras and a robot manipulator as shown in Fig. 3 for realizing the paddle juggling. With these equipments, the experiment system is constructed as Fig. 4 composed of a robot manipulator, DOS/V PC as a controller, two CCD cameras, an image processing implement, two image displays and a ping-pong ball. The robot manipulator has 6 joints J i (i = 1, ... ,6), to which AC servo motors with encoders are attached. The motors are driven by the robot drivers with voltage inputs corresponding the motor torques from the PC through the D/A board. The joint angles are calculated by counting the encoder pluses with the counter board. On the other hand, the image processing implement can detect pixel and calculate the center point of the detected pixel area in two assigned squared areas with thresholds of the brightness. Furthermore, the assigned squared areas can track the calculated center points such that the points are within the areas. The tracked center points are sent to the PC as the image futures. The image data and the image futures can be watched by the two image displays. The cameras are located as the image plane corresponding to the CCD camera include the robot manipulator. Since the ball is very smaller than the robot, the image pixel area of the ball in the image plane has the almost same size as the ball. Therefore, we put the tracking squared areas to the detected pixel of the ball and calculate the position of the ball from the tracked image futures. The PC is the DELL OptiPlex Gxi (CPU:Celeron IGHz, Memory: 256MB). The control method is programmed in C language with Borland C++ 5.5. The D/A board is the DA12-8 (PC) with 12 bit resolution and 9 ch (PC) (CONTEC, Inc.). The counter board is the CNT24-4 (PC) with up-down count in 4 channels (CONTEC, Inc.). The digital board is the IBX-2752C with the 32 number of I/O (Interface, Inc.).
Modeling

System Configuration
In this paper, we consider control of paddle juggling of one ball by a racket attached to a robot manipulator with two-eyes camera as shown in Fig. 4 . In this paper, the juggled ball is supposed to be smaller and lighter than the racket. The reference frame Eg is attached at the base of the manipulator. The position and orientation of the racket are represented by the frame , which is attached at the center of the racket. The camera is calibrated with respect to . Therefore, the position of the juggled ball can be measured as the center of the ball which the two cameras system detects. (B. K. Ghosh and Tarn 1999) . It is obvious that the orientation of the racket about z-axis with respect to Eg does not effect on the ball motion at the time when the racket hits the ball. Therefore we need only 5 degrees of freedom of the manipulator. In the following discussion, the fourth joint J 4 is assumed to be fixed by an appropriate control. 
Dynamical Equation of Manipulator
The dynamical equation of the manipulator is given by (1) where and describe the joint angles and the input torques respectively, and and are the inertia matrix, the coriolis matrix and the gravity term respectively. For the following discussion, we introduce the following coordinate transformations: where t r is the start time of the collision between the ball and the racket, dt is the time interval of the collision, is the rotation matrix from to and represents the restitution coefficients of the x, y and z directions with respect to . Figure 6 shows the perspective transformation of a lens as the pin-hole camera. The camera frame is attached the center of the lens and a point p is denoted by a position vector expressed in . The point p is projected on the real image plane with the focal length f in the inverse direction of the axis. For simplicity, the image feature vector is defined as the coordinates of the projected point on the image plane with the focal length f in the direction of the axis. From the geometric view point, the relationship between the image feature and the position is given by 
Figure 6. Perspective Transformation Model of Lens
Perspective Transformation Model of Cameras
Linearizing Compensator for Manipulator
As for the preliminary to control the paddle juggling, we linearize the manipulator dynamics (4) by the following linearizing compensator:
where is the new input for . Substituting (9) into (4) results in Since is the positive definite matrix because the inertia matrix is positive definite, always has the inverse matrix. Therefore, we get the linearized equations given by (10) (11) Figure 7 illustrates the control purpose. The initial point of the ball is above the racket and the ball is freely released. The control purpose is to achieve the paddle juggling of the ball at the desired hitting point by hitting the ball with the racket iteratively. This is described by the following specific control problems: 1. [Juggling Preservation Problem] The juggling maintenance problem means going on hitting the ball iteratively. The control of the ball position is not included in this problem.
Control Design for Paddle Juggling
Control Objectives
[Ball Regulation Problem]
The ball regulation problem means regulating the hitting position of the hit ball. The regulation of the ball height is not included in this problem. In the following sections, the control designs for these control problems are shown. 
Control Design for Juggling Preservation Problem
The control design for the juggling preservation problem with controlling the racket position is shown. We firstly consider that the ball is always hit by the racket in a same (x,y) plane as shown in Fig. 7 . This plane is called the hitting horizontal plane in this paper. More specific determination of the racket position is shown in Fig. 8 . As in the left figure (a) , the x and y coordinates of the racket are forced to follow the x and y coordinates of the ball.
On the other hand, as in the right figure (b) , the z coordinate of the racket is forced to follow the symmetric trajectory of the z coordinate of the ball with respect to the hitting horizontal plane. The desired value of the racket position to satisfy the mentioned in the above is given by (12) where is the height of the hitting horizontal plane and 0< <1 the constant to make the z coordinate of the racket small appropriately. Note that effects on the height of the hitting ball. Due to determining the desired value of the racket position by (12), there always exists the racket under the ball and the ball is hit in the same horizontal plane automatically. This determination of the racket position is based on the mirror algorithm (Buehler, Koditschek, and Kindlmann 1994) .
Control Design for Ball Regulation Problem
For preliminary, we introduce a frame based on the states of the ball at the hitting. In Fig. 9 (a), the origin of is the hitting position. The -axis is defined as the direction of the ball motion in the (x,y)-plane at the hitting, and the -axis is defined as the same direction of of . The -axis is defined such that is the right-handed frame. and denote the angles of Y-axes of and respectively. The relationship between these two frames is represented by the rotation matrix (13) where (14) We consider the racket orientation with respect to as shown in Fig. 9 (b) .
(a) Frame defined at hitting (b) Racket orientation w.r.t. Figure 9 . Racket Orientation w. r. t.
Denned by Ball Sates at Hitting
In the frame defined above, let us consider the ball regulation problem by the racket orientation . For the derivation simplicity of the transition equation of the hit ball, the translational velocity of the racket is assumed to be zero. The control variables are the incidence angle from the -axis and the position at the hitting point as shown in Fig. 9 (b) . The constant i (i = 0,1,2, ...) represents the number of the hitting. Note that effects on both , and effects on only . Therefore, the ball transition by the hitting can be separated to the -and -directions illustrated in Fig. 10 . The figure (a) shows the transition of the incident angle and the position , and the figure (b) shows the transition of the position . From (5)- (7), the relationships between and are given by (17) where is the magnitude of the velocity of the ball just before the hit and (18) is the reflection angle of the ball after the hit. (20) where and are the desired values expressed in , and and > 0 are the control gains to be determined such that the eigenvalues of the closed system is smaller thanl. Note that it is impossible to get and because these variables are the states of the ball at the hitting. Therefore, we have to use a prediction for these variables as the following section.
Prediction of Ball State
As mentioned in Section 5.3, from (20), we need the ball velocity just before the ith hit , and to calculate the incident angle . In this subsection, a simple prediction method of these variables is proposed. Figure 11 . Prediction of Ball State
As shown in Fig. 11 
Experimental Result
The effectiveness of the proposed method is shown by a experimental result. In the control design, we need the variables and Next, the experiment with the disturbances for the ball is shown in Fig 13. The conditions for this experiment are same of the previous experiment. Not that the left figure is depicted in the time interval 0-100 [s] . As for the disturbances, the ball was picked at random by a stick. We can confirm that the racket follows the ball and the ball juggling is preserved. This result shows the effectiveness of the juggling preservation problem and the robustness of the method. Readers can see the movie to represent the robustness in the website (Nakashima ). 
